Introduction
Recent developments in high-strengthened steels generally require accurate microstructure control down to the nanoscale region. Some of them are already in a mass-production state, typically represented by nano-HITEN type steels. 1) Dispersion strengthening including precipitation hardening is sensitive to the number density and size of the dispersed particles (i.e. precipitates or other heterogeneities). Therefore, characterization methods for those parameters are important to control the quality of the products and further the development of high performance steels. Important features required in the analysis include the following; accuracy of "size and number density" evaluation, "determination of phase and composition of the heterogeneities" and "simple preparation process". Transmission electron microscopy (TEM) satisfies most of these requirements except for the difficulty in sample preparations and statistical analysing processing. 2) Since atom probe tomography (APT) gives detailed information of the partitioning of each element, it is extremely powerful for understanding the mechanism of the formation of nanoscale heterogeneities. 3) However, it is difficult to obtain average features due to the limitation of measured volume. The calculation phase diagram
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(CALPHAD) technique provides good guidance and good predictions for the total amount of heterogeneities formed in the system and it may be possible to predict microstructures by combining it with the phase-field method. 4) However, it is sometimes difficult to apply to the industrial products due to the complex compositions and processes involved.
While the use of the small-angle scattering (SAS) technique alone cannot determine the phase and composition, it can easily give statistically representative values for average size and number densities of the heterogeneities. Using the features of SAS, the application to Fe-Cu alloys has been reported by Osamura et al. using SANS 5, 6) and Deschamps et al. by SAXS. 7) Deschamps et al. also reported detailed analysis of the microstructure evolution of Al alloys by time-resolved SAXS. [8] [9] [10] Odetta et al. reported detailed microstructural analysis of oxide dispersed strengthened (ODS) steels using a combination of SANS, ATP and TEM. 11, 12) SANS studies of nanoscale carbides such as TiC, 13) NbC 14) and VC 15) has been reported by different groups. In addition to these basic SAS applications, one of the authors (MO) proposed a new way to determine phase by the combining SANS and SAXS methods. This technique, known as the alloy contrast variation (ACV) method, 16) utilizes the scattering length difference of each element between X-rays and neutrons. In addition to phase determination, it can give information about the composition of the heterogeneities embedded in the matrix. Applying ACV, it has been confirmed that oxide in ODS steels are free from Fe. 16) For the V added steels, Oba et al. reported that nanoscale VC has off-stoichiometry in the early stage of precipitation. 15) Coakley et al. reported partitioning of constituent elements to nanoscale ω precipitation in the titanium alloys. 17) As these examples show, the ACV technique is particularly useful when partitioning of the main constituent element occurs. For example, in the case of steels, the Fe content in heterogeneities that are less than 5 nm in size cannot be investigated by other techniques without the effects of smearing by the surrounding Fe in the matrix. Therefore, expanding the applications of ACV to other steels and alloys may bring about new knowledge concerning the mechanism of the formation of nanoscale heterogeneities and also their effects on the alloy properties. Thanks to the recent development of an X-ray mirror and a micro-focus source, it is possible to perform nanostructure-characterizations using laboratory SAXS, [15] [16] [17] while the opportunity to use SANS is still limited due to the shortage of SANS instruments. Regular SANS instruments are about 20 to 40 m length and therefore, two or three SANS instruments are the maximum number available at each neutron source. The number of neutron source, as we know, is also very limited. In Japan only two facilities are open for users from industry, i.e. the JRR-3 research reactor (suspended till 2018 (expected)) and the Japan Proton Accelerator Research Complex (J-PARC). Thus, developing a compact SANS which can be multiply installed in large scale facilities and/or can be used as the instrument with a compact accelerator driven neutron source (CANS), is expected to overcome the present limitation.
We also emphasize the point that the SANS technique can be the easiest among many techniques to apply to nanostructure-characterization, especially for steel research, due to the simple sample preparation. For SANS measurements, sample preparation includes only cutting into the proper size, typically about 10-20 mm square and 1-2 mm thickness. It is probably easier than the sample preparations for optical microscope (OM) observations because SANS does not require a mirror-like surface. Thus, our target is to develop a new intermediate-angle neutron scattering instrument "iANS" which is usable with a CANS, and prove that the data obtained by iANS is at a comparable level to that obtained in standard facilities in order to promote detailed discussion of the partitioning of main elements and increasing the speed of nanostructure-characterization.
Experimental

Basic Design Concept of iANS for Characterizing
Nanoscale Heterogeneities Compared to the neutron flux of large facilities, typically about 10 8 neutrons/cm 2 /s, that of CANS is usually 4 orders smaller, at a level of 10 4 to 10 5 neutrons/cm 2 /s. Table 1 and Fig. 1 shows the performance of the cold neutron source at the Hokkaido University Neutron Source (HUNS). Clearly, we cannot expect a CANS instrument to perform at this level. Instead, some special strategies are required to achieve competitive performance to those in big facilities. Most regular SANS systems are designed for low-Q observations, which is typically shown by the fact that the performance of SANS is often expressed by the minimum Q, Q min , measured by each instrument. Here, Q is the momentum transfer and defined as Q = 4πsinθ/λ (2θ: scattering angle, λ: wavelength of neutron or X-ray). However, in metallurgy, we have many tools for characterizing from the micron scale to a few ten nanometers, such as OM, a mapping technique combined with scanning electron microscope (SEM) or TEM, and chemical extraction residues. 18) In contrast, the choice of characterization methods is limited to TEM and/or APT when the size of heterogeneities reaches to a few nanometers. Therefore, the target of the new iANS instrument is to observe the Q-range from 0.2 to 10 nm − 1 , a region whose usefulness has been already shown by laboratory SAXS measurements. [15] [16] [17] It is advantageous that instruments at CANS can be optimized from source to the detector for this fixed purpose.
One of the keys for SANS measurements of alloys is to suppress the double Bragg diffraction effects which are shown in the results section. For this purpose, the wavelengths which are used for SANS analysis should be two times larger than maximum lattice plane spacing d max (2d max = 2d 110 = 0.405 nm for the ferritic steels). For TOF measurements with such large wavelength, the efficiency of the usage neutron is higher when the total length of the instrument is shorter because it is possible to prevent frame overlap. 19) Another, and most important key point is to optimize the Q-resolution for increasing the usage of neutrons. When the Q-resolution is relaxed, we can permit the introduction of neutrons with larger divergence than those when employing the regular Q-resolution of SANS. In general, the Q resolution is defined as ΔQ/Q, where ΔQ is the FWHM value in the case of a Gaussian distribution. Because the measured detector count rate C D is roughly proportional to the fourth power of ΔQ, 20) the gained flux can be expressed as follows.
Since some other effects are ignored for simplification, C D tends to be overestimated by Eq. (1). However the order of the C D is still reasonable. If we set the Q resolution to ΔQ/Q = 30%, then ΔQ = 0.06 nm − 1 at Q min = 0.2 nm − 1 is required for iANS optics, while ΔQ = 0.009 nm − 1 at Q min = 0.03 nm − 1 is needed for regular SANS instruments. Consequently, the C D of iANS is at most (0.06/0.009) 4 = 2 000 times higher than that of a regular SANS system. Under these considerations, the optimum design was determined as shown in Fig. 2 and the parameters used are listed in Table 2 .
Another important requirement for ferritic steels is apply-ing a magnetic field which can saturate the magnetization for separating the intensity into the magnetic and nuclear components. 21) While an electromagnet is usually used for this purpose, 22) it would be too large to be installed in an iANS system. Therefore, a sample holder with NdFeB permanent magnets specially designed by TOWA Co., Ltd. 23) ( Fig. 3) is used for iANS. Based on our experience, the field larger than 0.5 T is enough for saturating magnetization of ferritic steels in general, 21) while the steel with severe deformation is recommended to be measured in higher fields. A sufficiently uniform magnetic field of 0.6 T can be applied to the area irradiated by neutrons, typically in the range of 10-13 mm in diameter.
Data Reduction
Because of the background produced by the SANS optics themselves, data reduction is required for obtaining the scattering from the samples. For a fixed wavelength, the reduction is done using the following equations. 
Here, Tr s + c is the transmission of the "sample and cell" (if nothing except sample is in the beam line, it corresponds to the transmission of the "sample") and Tr c is transmission of the cell (it is unity for the above parenthetical case), I is the observed intensity and t is the measurement time of "sample and cell", cell and blocked beam (corresponding subscription is s + c, c and b, respectively). The quantities S, η and φ 0 are the beam size, the efficiency of the detector and the flux of the incident beam, respectively. The term 1/Sηφ 0 is determined by using a secondary standard, such as glassy carbon. 24) Other quantities, d and ΔΩ are the sample thickness and the solid angle, respectively. In the TOF type measurements, η, φ 0 and Tr become the function of λ as shown in Fig. 1 for φ 0 (λ) as the example. In Fig. 4 , a typical transmission spectrum of ferritic steel is also shown as a function of wavelength. Therefore, Eqs. (2) and (3) for TOF measurements are expressed as follows. 
In the TOF case, φ 0 is determined at certain wavelengths by using a secondary standard. The direct intensity is monitored by the small hole in the beam stopper during scattering measurements for determining both the shape of φ 0 (λ) and the transmission Tr(λ). Therefore, it is possible to measure SANS and the Bragg edge simultaneously. 25) Intensity data are collected three dimensionally, i.e. x, y, t of the detector positions and time of flight. All data reduction has been processed in 3D data. For transforming to one dimensional, I-Q data, home-made code for Mathematica 26) is used. The code for Igor Pro 27) is also available. The details of the code and theoretical approach for absolute unit correction will be explained in the following paper. 28) 
Other Experimental Procedures
Some of the profiles were compared to the regular SAS instruments. Regular SANS profiles were measured on the 18M SANS instrument in the High-flux Advanced Neutron Application ReactOr (HANARO) in Korea Atomic Energy Research Institute (KAERI). The wavelength of 4.82 nm and 9.57 nm were used for obtaining a wide range of Q. All the SAXS profiles were obtained using a laboratory SAXS with a Mo-target and confocal mirror (RIGAKU NANO-Viewer).
Glassy carbon which had been calibrated in the Advanced Photon Source in Argonne National Lab., was used as the standard for absolute intensity 24) and was also used for checking the accuracy of the wavelength collection. Silver behenate (C 22 H 43 AgO 2 ) as a standard for powder diffraction was used for calibrating Q and evaluation of the resolutions. 29) The high nitrogen steels, 30) Ti added steels and Al alloys (7 000 series) were delivered by Daido Steel Co., Ltd., JFE Steel Corporation and Toyota Central R&D Labs., Inc., respectively. The thickness of steels for iANS measurements is 2 mm and that of Al alloy is 3.8 mm. Figure 5(a) show the I(Q) data of standard glassy carbon obtained by iANS for each wavelength. These data are plotted after correcting by Eqs. (2') and (3' ) and show almost identical profiles, indicating that the above wavelength correction is working properly. Figure 5 cessed data after summing and averaging of all the profiles in Fig. 5(a) together with the data supplied with the sample. Note that the Q min reaches to 0.25 nm − 1 which is close to our designed target and Q max can reach to 50 nm − 1 which approaches the wide angle neutron diffraction (WAND) range. Figure 6(a) shows the profiles for silver behenate that is used for calibration of Q space and Q-resolution evaluation. 29) The series of peaks attributed to the d spacing of 5.838 nm can be observed up to 3rd order (d 003 ), indicating good performance of iANS for nanoscale observation. Resolution variation is also observed due to the different scattering angle for the same Q depending on wavelength, and it broadens at short wavelengths. Although the asymmetric resolution function should be used for an accurate analysis of wavelength resolution because of the coupled-moderator feature, 31) ΔQ is obtained as the FWHM value of a Gaussian function for simplification. Figure 6(b) shows the dependence of Q resolutions, and ΔQ/Q on both wavelengths and peak positions. The evaluated resolution ΔQ/Q was close to our target value and low enough to analyse SAS profiles. Figure 7 shows the comparison between the profiles of high nitrogen steel with different tempering temperatures obtained by 18M SANS at HANARO and by iANS. The one without tempering is featureless due to the lack of a nano-precipitate. 32) After tempering at 450°C, a clear increment of SANS intensity in the high-Q region (Q ≥ 1.0 nm − 1 ) is observed. The curves obtained at HANARO cover a wide Q-range (Q = 0.03 nm − 1 ~1.5 nm − 1 ) as shown in Fig. 7(a) . However, this is a little shortage for analysing nano-precipitates which appear as intensity changes in the Q-range higher than 1 nm − 1 as shown in Fig. 7(b) . Since the purpose of regular SANS instruments is usually to observe lower-Q data, they have to use the conditions that is less than optimum for our purpose. The 18M SANS, for example, has the option for higher Q measurements up to 4 nm − 1 by using short wavelengths, but the flux at such short wavelengths is relatively low. Some of the SANS instrument is equipped with a high-Q detector which needs additional calibration. In contrast, iANS can give high-Q information in one measurement with a single detector system because the acceptance angle is large due to the short L 2 (see Table 2 ). Note that the absolute unit profiles shown here are obtained separately at each facility, and they perfectly coincide. The results indicate that iANS data reduction and calibration by glassy carbon 24) is accurate for measuring on an absolute unit scale. Note that the applied magnetic field is 1.0 T for 18M SANS experiments show the same profiles with iANS indicating 0.6 T is enough for saturating. Based on the above results, the ACV method 16) can work only with the iANS and labo-SAXS, i.e. both of the in-house systems on our campus. Figure 8 shows TiC precipitates in the steel and MgZn 2 precipitates in Al alloy as examples. The observed intensity ratios between SAXS and SANS are 14 ( ± 10%) and 225 ( ± 10%), respectively. The scattering length densities are obtained from mass densities and nominal compositions for matrices, and from lattice constants and stoichiometric compositions for precipitates. 33) The expected intensity ratio yields 14.1 for TiC and 230 for MgZn 2 which are close matches with the observed values within the error. Therefore, we can conclude that evaluating composition and phase only using in-house SAS instruments is now feasible and ready for further research in any alloy systems.
Results
Measurements of Standard Samples
Measurements of Steels and Other Alloys
SANS Mode and WAND Mode
As often pointed out in the references, double Bragg diffraction is serious problem when we use λ less than 2d max . 34) Figure 9 shows the comparison of the profiles obtained using wavelengths larger, and less than, 2d max (2d max = 2d 110 for the ferritic steels, yields λ > 0.405 nm in ideal case, while it depends on the neutron source with different wavelength resolution). The reason why the difference appears is attributed to the larger scattering cross section than the absorption cross section of the neutron in the wavelength range below 2d max . 35) Therefore there is a high probability that the beam diffracted by a certain plane can return to the small angle area by double diffraction. The simple way to prevent it is by using a wavelength larger than 2d max to avoid any Bragg diffraction. However, a beam with a wavelength less than 2d max is useful for obtaining diffraction in the WAND region. As shown in Fig. 9 as well as Fig. 5 , the Bragg peaks of each material appear. In Fig. 9 , we see two peaks corresponding to d 110 and d 200 from the bcc matrix. In addition, the Bragg edge information is included in the transmission spectra, as already shown in Fig. 4 . The Bragg edge was clearly observed at 0.405 nm corresponding to diffraction of d 110 and therefore, it contains information on the crystalline structure for the matrix phase. 36) Consequently, iANS can provide a complete set of information from nanoscale precipitation to structures (ex. grain size, texture) of matrix or major phases by combining SANS, WAND and Bragg edge measurements. 25, 36) 
Summary and Further Perspective
A newly designed intermediate Angle Scattering instrument "iANS" for non-destructive nanostructure-characterization of steels and other alloys has been developed. It provides accurate profiles of absolute intensity in the Q-range from 0.25 to 6.5 nm − 1 for SANS mode and 50 nm − 1 for WAND mode. The present results show that the accuracy in the absolute unit scale is high enough for ACV analysis. The measurement time is from 3 (solid methane moderator) to 6 hours (solid mesitylene moderator) under the present HUNS conditions. The HUNS-II now planned to replace the HUNS-I system is expected to make measurement times shorter by about one third. Taking the simple sample preparation into account, SANS can be the easiest and quickest measurement method for nanostructure analysis. Therefore, we believe that iANS with a CANS source has the potential for accelerating development of new alloys, once the CANS system has spread to a wider number of many sites. 
